The development of sand littoral zones is critical to supporting specific species in lakes and oceans. The construction of dams on rivers changes the distribution of sediments in littoral zones, and the relationship between dam construction on rivers, the inflow of small particles and increased eutrophication and red tide occurrences was demonstrated for Lake Biwa using public data. Many dams were constructed on rivers around Lake Biwa after the Second World War, and the old and new Araizeki dams were constructed on the out flowing Seta River, restricting flow and increasing the tendency of small particles to be deposited on the floor of Lake Biwa. Inouchi 6 reported the distribution of seafloor sediment particle sizes in the Seto Inland Sea. Inouchi showed several fan-shaped distributions of sediment particles centered at the mouths of rivers. After many dams were constructed on the rivers in the period following the Second World War, particles smaller than Mdφ 4 to 6 were thought to increase in the rivers, and these smaller particles were deposited farther offshore from the river mouth if tidal currents were faster than 0.5 to 1.0 knots. Areas of the Seto Inland Sea in 1975 that were affected by silting and subsequent red tide blooms include Hiroshima Bay, Hiuti-nada, Harima-nada and Osaka Bay. These findings and similar patterns between the Seto Inland Sea and Lake Biwa support my hypothesis that the influx of mud due to the construction of dams brings about eutrophication and red tides.
INTRODUCTION
Sand beaches and sand-bottomed shallow sea areas form important habitat for fishes, shell fishes, shrimps, crabs and the larvae of some insects because these zones are rich in dissolved oxygen, which these species depend upon for respiration 1 . Therefore sand beaches are important for fish and biodiversity. In contrast, bays and harbors with vertical sea walls tend to have more bottom sediments and levels of dissolved oxygen that are lower than those found in these shallow sea areas with sand 1 . Sand beaches are not sufficiently researched to understand the source of the sand, formation processes, and the effects of dredging and dams. There are sand beaches along the lakes hore of Lake Biwa. The average water level of Lake Biwa decreased about 50 cm after the Seta River was dredged in 1898 to 1906 and the old Araizeki Dam was constructed in 1905. The average water level of Lake Biwa decreased about 40 cm again after 1939 when the Seta River was dredged again 2 . It is thought that the present sand beaches of Lake Biwa are in the condition of those before 1898 because new particles are rarely deposited on beaches from rivers on which dams are constructed.
Here, sand beach formation was examined by collecting sand samples from the lakeshore of Lake Biwa and investigating the particle size and the influence of dam construction on siltation and red tide occurrences in Lake Biwa.
MATERIALS AND METHODS
Sediment samples were collected on October 2, 2007 from along the shoreline of Lake Biwa (Figs. 1, 3 and 5). The water level at the nearest sampling sites was 0.4 m lower than the zero water level determined after the final dredging of the Seta River. Figure 3 shows the sampling locations from south of the Ane River to Hikone City and Fig. 5 shows the sampling locations from south of the Inukami River to north of the Echi River. Sand was sampled in layers from under the surface (depth of 5 cm) to a depth of 30 cm. After air-drying, 500-g samples of the collected sand were sieved through openings of 2, 1.4, 1.0, 0.5 and 0.25 mm, forming six size fractions: >2 mm, 2 to 1.4 mm, 1.4 to 1.0
Fig. 1:
Study sites in Lake Biwa in Shiga Prefecture and the Seto Inland Sea in western Japan. Inset shows Lake Biwa with isobaths and the main rivers flowing into Lake Biwa. The Seta River is the only river flowing out from Lake Biwa. Araizeki Dam was constructed on the Seta River to control the water level of Lake Biwa. Areas labeled with letters A and B indicate sand sampling and distribution analysis areas of Lake Biwa and are shown in enlarged views in Fig. 3 and Fig. 5 , respectively
Fig. 2 :
The size distribution of sand samples collected along the shoreline of Lake Biwa from the mouth of the Ane River to the north side of the Seri River. Letters A and B indicate the inflow of the Ane River and Amano River, respectively mm, 1.0 to 0.5 mm, 0.5 to 0.25 mm and £0.25 mm. The weight of the each fraction was determined.
The average water level of Lake Biwa was determined from the Ministry of Land, Infrastructure, Transpor t and Tourism, Kinki Regional Development Bureau website 2 by taking the average of the water level at five points around Lake Biwa 3 . The number of red tide occurrences in Lake Biwa was obtained from a website created and maintained by the Lake Biwa/Yodo River Water Quality Preservation Organization 4 . Information about dam construction in Shiga Prefecture was obtained from the website of The Japan Dam 
RESULTS
For sampling sites 1 through 5 in Fig. 4 , it is clear that the proportion of particles >2.0 mm becomes greater for sampling locations nearer the mouth of the Ane River. In contrast, the proportion of particles in the 2.0 to 0.25 mm and £0.25 mm diameter size classes becomes smaller nearer the mouth of the Ane River. However, for site 6, the proportion of particles in the >2 mm fraction is greater than that at site 5. As the sampling locations become more distant from the Amano River (sites 6 to 8), sand particles >2 mm occupy a smaller and smaller proportion, and sand particles of 2.0 to 0.25 mm and 0.25 mm diameter occupy larger and larger proportions. In particular, particles £0.25 mm in diameter occupy an increasing proportion from site 6 to 7 and a markedly larger proportion at site 8. The inflow of the Amano River between sites 5 and 6 is expected to disturb the distribution pattern of sand particles produced by the Ane River and form a new sand flow pattern from the Amano River.
As the sampling location becomes distant from the Inukami River (sites 2 to 6 in Fig. 5 ), the percentage of sand particles with diameter > 2 mm becomes smaller and smaller. However, at site 5, the proportions of sand particles with a diameter of 1.4 to 1.0 mm and 1.0 to 0.5 mm became greater than at site 4. The inflow of the Uso River lies between sites 4 and 5. Similarly, the proportion of sand particles with diameter > 2.0 mm at site 7 is Red tide occurrences in Lake Biwa and dam constructions around Lake Biwa. The arrows from the surface areas of dams to red tide occurrences indicate the relationship between these two events greater than that at lsite 6. The inflow of the Nomazu River lies between sites 6 and 7. It is thought that flow from the Uso River and Nomazu River disturbed the sand distribution pattern set up by the Inukami River. No dam was built on the Nomazu River, but the Uso River Dam was completed in 1979 with a surface area of 17 ha. However, the influence of the Uso River Dam upon the old sand littoral zones was estimated to be slight because the new zero water level of Lake Biwa was about 1.0 m lower than before the dredging of the Seta River.
The relationship between dam construction and red tide occurrences in Lake Biwa is shown in Fig. 6 . There is the tendency for red tides to occur after the completion of dams. 
DISCUSSION
If a particle of sand is taken to be a spherical object, the settling velocity of the particle, Vs (m/s), is given by Stokes' law as follows , and R = radius of the spherical object (m). Generally, the particles of sand, silt and clay are considered to be spherical. Eq. 1 expresses that Vs becomes slower the smaller the particle radius. Sand settles faster than silt, which settles faster than clay. These particles are carried into the sea or lake with the same speed, but the smaller particles are carried farther from the river mouth before settling out of the water column.
The flow velocity of rivers shows daily variability, and likewise, the sand particles carried by the river show a range of flow velocities. Consequently, bigger par ticles of sand are deposited nearer the mouth of river, and the pattern of particle deposition is fan-shaped.
Based on sampling and size pattern analysis of the sediments taken along the shoreline, the particle deposition pattern can be calculated by Stoke's Law (Fig. 3, Fig. 5 ). The sediment particle distribution pattern is fan-shaped but with an oval rather than a half circle shape due to the range of depths of Lake Biwa from 0 to 90 m and due to the differences in the sizes of particles. Smaller sand particles require longer to settle to the bottom and the distance carried before settling out is longer. Particles with the same radius are carried farther before settling where Lake Biwa is deeper. (Fig. 1) . After these dams were completed, mud was readily deposited in Lake Biwa due to flow that was slow by reducing or closing the new Araizeki Dam. As the new Araizeki Dam was more effective than the old dam for closing off the Seta River, mud was more readily deposited in Lake Biwa. Mitamura et al reported in 2007 that almost the entire floor of Lake Biwa was covered by particles smaller than MdΦ 4 10 . MdΦ is the median particle diameter and is defined by geology to be equal to the Log 2 D where D is a median diameter (mm) of particles. For D of 2 -2 mm, MDΦ is 2.
In my previous paper, I showed the relationship between dam construction and red tide occurrence in four Japanese Bays
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. Similarly to these bays, eutrophication and red tides in Lake Biwa was considered to be caused by mud particles flowing in from the construction dams (Fig. 6 ).
Seto Inland Sea
In the Seto Inland Sea, Inouchi 6 determined the distribution patterns of sediment deposition (Fig. 7) and showed the distribution patterns of deposition to be fan-shaped and centered at the mouths of rivers (red lines in Fig. 8 ).
The direction and maximum flow rates of tidal currents are indicated in Fig. 8 .
Fig. 7:
Map showing the distribution of sediment particles in the Seto Inland Sea and rivers (reproduced from [6] . The location and name of rivers are added to the figure described by Inouchi 6 .)
In Fig. 9 , the flow directions of particles larger than MdΦ 3 or smaller than MdΦ 4 are indicated, and the boundaries of the nadas in the Seto Inland Sea are indicated.
Suo-nada Sea
In the Suo-nada Sea there are two fanshaped distributions of surface sediments centered at the Hushino, Ono and/or Oita rivers (Fig. 8 and Fig. 9 ). Grain size of the sediments became smaller the more distant from the mouth of the rivers. No dams were constructed on the Hushino River until 1983 when the Ichinosaka Dam was constructed, followed by the Aratani Dam in 1987. Following what was learned in Lake Biwa, a large quantity of sands was estimated to have been carried into the Suo-nada Sea by the Hushino River until 1983, and a fan-shaped distribution of sand was formed in the Suo-nada Sea.
Based on the particle size distribution patterns (Fig. 7) , particles sized less than MdΦ 6 flowed out from the Kotou and Koya rivers. Those particles were carried to the Buzen Sea and deposited there. From Fig. 6 and Fig. 8 , it is clear that particles smaller than MdΦ 6 were carried out from the Kotou River and Koya River and reached the Buzen Sea after the completion of the Kotou River Dam (1948, 249 ha) and Koya River Dam (1955, 161 ha). However, it is estimated that when the flow velocity from the Kotou River and Koya River are slow, particles are carried to the Kanmon channel by tidal currents because there are fast tidal currents flowing from the Bungo Channel to the Kanmon Channel (Fig. 8) . In the Buzen Sea, the maximum tidal current is 0.3 knots and in the center of the Suo-nada Sea, the maximum tidal current ranges from 0.6 to 1.8 knots.
In my previous paper 12 , I showed that part of mud carried into the Suo-nada Sea by the Saba River after completion of the Saba River Dam (1955, 116 ha), was estimated to be concentrated to the east sea area along the coast by the longshore current. As shown by Inouchi 6 in Fig. 7 , particles of sizes MdΦ 4 to 6 are distributed to the east of the mouth of Saba River along the coast. This result matches the determined pattern obtained from my paper 12 .
The mud flowed quickly from the mouth of the Saba River and is thought to have flowed westward and/or eastward where it dissipated in the Suo-nada Sea after reaching the middle of the Suo-nada Sea.
No dams were constructed on the Yamakuni and Yakkan rivers until 1976, which is . These two rivers were estimated to have carried a large amount of sand into the Suo-nada Sea until 1976, but the Hushino River is shown to have carried more sand into the Suo-nada Sea than these two rivers based on the data shown in Fig. 7 . It is estimated that these sediments were cumulatively transported and deposited for the long time in this sea area by the Hushino River. The reason for this difference in results may be due to differences in the composition of rocks comprising the mountains of the basins; further consideration of the geology of the basins is needed. Two dams were constructed on Hushino River: the Ichinosaka Dam (1983, 14 ha) and Aratani Dam (1987, 25 ha).
Iyo-nada Sea
There is one large fan-shaped area offshore of Beppu Bay that is centered in Beppu Bay. The fan-shaped distribution of particles is estimated to be carried into Beppu Bay by the Oita and/or Ono rivers before dam construction (Figs. 7-9 (1965, 8 ha) . On the Ono River, no dams were constructed until 2000. Therefore, it is supposed that most of the particles smaller than MdΦ4 was carried to the Iyo-nada Sea by the Oita River through these three dams prior to 1976. In Beppu Bay, particles smaller than MdΦ6 were deposited (Fig. 7) because tidal currents were slow. But the sea current outside of Beppu Bay is very fast and flow velocities reached 1.9 to 3.0 knots near the Bungo Channel. Particles with diameters smaller than MdΦ6 are projected to be carried outside of the Iyo-nada Sea.
Bungo Channel
In Bungo Channel, there are two fanshaped sediment distributions centered on the Usuki and Banjo rivers. Grain size of sediments becomes smaller for locations more distant from the mouth of these rivers. No dams were constructed on these two rivers until 1976. Particles smaller than MdΦ6 were not observed at the mouths of these rivers.
Hiroshima Bay
In Hiroshima Bay, particles smaller than MdΦ6 are deposited (Fig. 7) , and the fastest sea current is 0.3 to 0.4 knots. However, outside of Hiroshima Bay, the sea current becomes 1.2 to 1. It is likely that large particles were carried into Hiroshima Bay by these rivers before the construction of dams on these rivers, and the observed fan-shaped sediment distribution patterns were like those estimated in Lake Biwa by sieving sediments. Following dam construction on these rivers, particles smaller than MdΦ6 began to be deposited in Hiroshima Bay. It is supposed that coarse particles were distributed first and particles smaller than MdΦ6 were subsequently deposited in Hiroshima Bay. Therefore, this is demonstrated that the particles in size classes of larger than MdΦ0, MdΦ0 to 2 and MdΦ2 to 3 would be observed farther south than the area where particles smaller than MdΦ6 would be deposited (Fig. 7) .
Hiuti-nada Sea, Bingo-nada Sea and Bisanseto Sea
In Hiuti-nada Sea and Bingo-nada Sea, particles smaller than MdΦ6 are deposited. Two big rivers, the Ashida and Takahashi rivers, flow into the sea in this area. Seven dams were built on the Takahashi River, and the total surface area of dams built before 1976 on the Takahashi River reached 601 ha. Of particular note, the Nariwagawa Dam built in 1968 was the biggest with a surface area of 360 ha. Two dams were built on the Ashida River before 1976, and the total surface area of these two dams was 86 ha. It is estimated that particles smaller than MdΦ6 were carried into the sea area and deposited after these dams were completed, based on the maximum velocity of the tidal current of 0.4 to 1.1 knots in the area offshore of the mouth of Takahashi River (Fig. 8) . Particles smaller than MdΦ6 carried by the Takahashi River are readily spread east from the river and into the Harima-nada Sea by the fast tidal current (1.4-1.7 knots) (Fig. 8) . In contrast, particles carried to the west of the river mouth are soon deposited because the current velocity is slow (0.1-0.2 knots) in the Bingo-nada Sea and the Hiuti-nada Sea (Fig. 8) . Particles smaller than MdΦ6 were carried by the Ashida River into the sea in this area after the two dams were completed.
Harima-nada Sea
One fan-shaped distribution of sediments was observed in the Harima-nada Sea. The center of the fan is centered at the mouth of the Kako River. This district is similar to that of the Suo-nada Sea, as sediment grain sizes decrease for more depositions more distant from the mouth of the Kako River. On the Kako River, five dams were Kako River into the Harima-nada Sea. However, the fast tidal current (maximum, 1.6-2.0 knots at the mouth of the Kako River would carry the mud far from the mouth of the Kako River. It is thought that one pattern is going eastward into Osaka Bay through the Akashi Channel, another is going westward into Bisanseto Sea, and another is going into the southern half of the Harima-nada Sea. The tidal current in the southern half of the Harima-nada Sea is slow and becomes 0.3 to 0.5 knots at maximum, such that mud from the Kako River is deposited in the southern half of Harima-nada Sea (Fig. 7, Fig. 8 
Osaka Bay
Three big rivers flow into Osaka Bay: Muko River, Yodo River and Yamato River. The Yodo River is a major river with three large tributaries: Kizu River, Katura River and Uji River. The Senkari Dam was constructed on the Muko River in 1919 and has a surface area of 112 ha. Approximately 12 dams were completed on the Yodo River before 1976. On the other rivers, the Segi Dam (1951, 48 ha) was constructed on the Katura River, the Amagase Dam (1964, 188 ha) was constructed on the Uji River and the Takayama Dam (1968, 260 ha) was constructed on the Kizu River. After the construction of these dams, particles smaller than MdΦ6 carried into Osaka Bay were soon deposited due to a maximum tidal current under 0.4 knots in the eastern half of Osaka Bay.
Relationship between particle size and red tide
The geological definition of mud is having a particle size smaller than 1/16 mm. It was estimated that nutrients associated with the mud brought about eutrophication in these sea areas. Previous papers have shown that red tide tends to occur in areas influenced by the influx of mud carried by rivers on which a dam has been newly constructed 11, 12 . The results obtained in this paper are consistent with the results of these studies.
As shown in Fig. 7 and 10 , red tide occurred in the areas where particles smaller than MdΦ4 were deposited, such as in Osaka Bay, Harima-nada Sea, Hiuti-nada Sea, Hiroshima Bay, Oita Bay and Buzen Sea. These findings support my hypothesis that red tide is caused by mud carried out to sea by rivers on which dams are newly constructed 11, 12 and demonstrate that heavier loading of fine particles (MdΦ< 4) is observed in the sea areas after the completion of a dam.
There are some exceptions to the pattern of sea areas with red tide occurrence coinciding with small particle size, as shown in Fig. 10 . Red tide occurrences indicated by a, b, c and d in Fig.  10 coincide with areas where the primary deposits are not particles smaller than MdΦ4. It is considered that red tide blooms observed in these areas were carried in from active blooms in other areas. The red tide indicated by e is thought to have been carried in from Hiroshima Bay. The red tides indicated by a to d were thought to have been carried from red tide occurrences farther to the north. The red tide indicated by f is thought to have been carried from the west. However, further consideration of the mechanisms is needed to explain these phenomena.
It is considered from these results that dam construction on rivers causes siltation and red tide occurrences in Lake Biwa and Seto Inland Sea.
CONCLUSION
An examination of sediment samples along the shoreline of Lake Biwa showed that the distribution of particles follows Stokes' Law and forms a fan-shaped pattern centered on the river mouth. Similar patterns could be detected in Inouchi's 6 research on sediment distribution patterns in the Seto Inland Sea. Based on samples taken before and after the construction of dams on the inflowing rivers, newly constructed dams were thought to carry greater quantities of particles smaller than MdΦ4 (geologically speaking, mud), and the deposition of these smaller particles was governed by tidal current velocity with faster current carrying the particles farther from the shore.
